OBJECTIVES-To improve the construct validity of self-reported fatigue by establishing a formal hierarchy of scale items and to determine whether such a hierarchy could be maintained across time (aged 75-80), sex, and nationality.
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Robert A. Fieo, PhD * , Erik L. Mortensen, PhD † , Taina Rantanen, PhD ‡ , and Kirsten Avlund, PhD §,|| CONCLUSION: Establishing a formal hierarchy at age 75 allowed which tasks were most debilitating to be identified more clearly and the individual's "distance" from these tasks to be gauged. Because it was possible to confirm that the item hierarchy was maintained across time (aged 75-80), researchers or clinicians can be more confident that performance over time is the result of real change and has less to do with measurement error.
Keywords mobility-related fatigue; task intensity; scale validation Definitions of fatigue can vary between studies and between investigators, with reviews using fatigue interchangeably with exhaustion and tiredness. 1 Fatigue is an important construct within gerontology, with some evidence supporting increasing levels with age. 2, 3 More-substantial evidence exists for fatigue's association with age-related conditions of functional limitation and disability, 4 as well as mortality. 5 Fatigue or exhaustion is also one of five markers used to define the frailty syndrome. 6 Measuring fatigue through self-report is challenging because of its multidimensional nature, often including physical, cognitive, and affective factors. More generally, self-report measures have been criticized for drawbacks relating to weak validity and sensitivity to change, 7 but modern test theory can be employed to reduce the relevance of such concerns, for instance, requiring more stringent assumptions relating to how a construct or ability is defined. This study examined the psychometric properties of the self-report Mobility-Tiredness (Mob-T) Scale 8 under conditions of nonparametric item response theory. The Mob-T Scale was designed to measure mobility-related fatigue in older adults, and has been shown to be associated with onset of functional limitations, 9 disability, 10 and mortality. 11 Reliability tests have indicated agreement ranging from 94.3% to 98.3% and kappa values from 0.72 to 0.88 for the included items on intra-and interrater tests. 12 With the use of Mokken Scaling, 13 a nonparametric item response theory model, the objective of this study was to further enhance construct validity of the Mob-T Scale by formally confirming a hierarchy of decline (invariant item ordering (IIO)). To establish IIO, the Mob-T Scale was scrutinized in terms of four Mokken Scaling assumptions: unidimensionality, local independence, monotone homogeneity, and double monotonicity.
METHODS

Sample
This was an observational study that analyzed the baseline and 5-year follow-up data of the Nordic Research on Aging Study. The study design has been published in detail elsewhere. 14 The original study population (n = 835, 59% women) consisted of a random sample of 75-year-old persons living in Glostrup, a suburban area of Copenhagen, Denmark (n = 480), and of all 75-year-old citizens living in Jyväskylä, Finland (n = 355). Excluding those lost to follow-up and baseline disability (8%) resulted in a sample of 690 subjects. Sample characteristics are presented in Table 1 . At the 5-year follow-up (age 80), 108 subjects had mobility limitation or disability; 119 subjects had died (aged 76-80) before follow-up. Fifty-three percent of subjects (n = 293) were still alive at age 83 (at the end of the study).
Predictor Variable-Self-reported fatigue was measured using the Mob-T Scale, 8 which asks whether participants felt tired after transferring from a bed or chair, walking indoors, getting outdoors, walking outdoors in nice weather, walking outdoors in poor weather, and climbing stairs. The scale counts dichotomous response options for each task: presence or absence of tiredness. Fatigue and tiredness on individual tasks were summed for a total fatigue score (range 0-6), with higher scores indicating greater fatigue.
Dependent Variable-Outcome measures were mortality and a combined measure of physical performance (mobility limitation) and disability-poor physical performance, selfreported disability, or both. Disability was defined as unable to or difficulty with four activities of daily living: bathing, dressing, walking inside the house, and transferring from a bed or chair. 15 Poor functional status was assessed according to maximal walking speed, a 10-min test performed in the laboratory corridor and timed using a stopwatch. 16 Poor performance was quantified as 1.1 m/s or less. This method of combining self-reported disability with poor performance in physical function into a single outcome variable has been used previously in estimates of healthy life expectancy. 17
Covariates
Income-Income was dichotomized as low (only compulsory old age pension) versus high (both compulsory old age pension and other income sources). Number of chronic diseases was measured in connection with the medical examination by asking an open-ended question: "Do you suffer from any long-standing illness?" If the answer was positive, further information was collected on the medical diagnosis, type, duration, and location of the disease. Based on this information, a physician coded relevant diagnoses for each participant in accordance with the International Classification of Diseases, 8th Revision. Muscular fitness was assessed according to maximum isometric handgrip strength (Jamar dynamometer; Sammons Preston Rolyan, Chicago, IL) measured in the dominant hand in a sitting position and adjusted for height. The presence of depressive symptoms was assessed using the Center for Epidemiologic Studies Depression Scale (range 0-60). Cognitive ability was measured using Raven's Progressive Matrices. 18 Raven's Matrices includes 60 nonverbal items (performance was number of correct responses) thought primarily to assess inductive reasoning ability.
Statistical Analyses
The items from the Mob-T Scale were examined using the Mokken Scaling Procedure (MSP5 for windows; iec ProGAMMA, Groningen, the Netherlands), a nonparametric hierarchical scaling method based on the principles of item response theory, which was used to confirm a hierarchy of functional status and to determine the discriminatory power of each item in the scale. The former objective will allow for the identification of varying levels of item or task severity, and the latter will inform researchers as to which items are most closely related to the clinical dimension of interest.
The Mokken procedure can be separated into two levels of analysis: monotone homogeneity and double monotonicity. 13 Monotone homogeneity is based on three fundamental assumptions: unidimensionality, monotonicity, and local independence. If these assumptions are met, it can be said that all item pairs are nonnegatively correlated for all subgroups of subjects and all subsets of items and that, ultimately, the sum score of items can be used to order individuals on the latent trait (e.g., fatigue). 19 H i is a scaling coefficient, based on Loevinger's (1948) homogeneous test, used to quantify adherence to monotone homogeneity for a single item. The item coefficient of scalability is defined according to the number of "errors" in response patterns involving item i divided by errors defined in terms of the perfect scalogram structure. 20 In a perfect Guttman scalogram subjects give positive responses to items represented to the left of their position (the "easier" items) and negative response to items to the right (the "more difficult" items). 21 This coefficient H i may be interpreted as an index of discrimination, reflecting the association between item i and the latent construct. Mokken scaling also provides an H coefficient for the total set of items, which can be viewed as a weighted average of all item H coefficients. 13 Higher values for H i and H imply fewer violations and thus a better scale. A rule of thumb is that a scale is considered to be weak if H is between 0.30 and 0.40, medium if H is between 0.40 and 0.50, and strong if H is 0.50 or greater.
It is possible to add a fourth assumption leading to a stronger Mokken model-double monotonicity. If this final assumption is met, item hierarchy or IIO is confirmed. The IIO property goes beyond merely ordering subjects according to popularity or mean score. A previous study 22 indicated that it would be an aggregation error to infer from mean item ordering (group level) that the item hierarchy holds for each individual respondent. The criteria for IIO are met when the percentage of negative coefficients at the level of the individual subjects, denoted (i. e., transposed homogeneity coefficient, person a), is less than 10% and the coefficient for total set of subjects (H T ) is at least 0.30. 23 Criteria values can also be used as general guidelines to investigate the assumptions of double monotonicity. For each item, the diagnostic value combines the H coefficient, the frequency and size of the violations, and their significance. 24 A criteria value of 0 indicates perfectly nonintersecting items, and a value greater than 80 is a good indication that an item has violated the double monotonicity assumption.
RESULTS
Construct Validity
The walking outdoors in poor weather item violated the assumption of local independence, and the transferring from a bed or chair item had high criteria values, so it was decided to replace them with two other tasks-tiredness when washing or dressing the lower body. The scaling properties of this slightly modified scale are presented in Figure 1 . A single scale with ρ = 0.90 was obtained; ρ reflects scale reliability and is an internal consistency coefficient comparable to the Cronbach correlation coefficient. 25 The obtained set H value of 0.80 for these six items indicates a strong scale, well beyond the 0.50 standard. The criterion for item hierarchy or IIO was met, because the percentage of negative coefficients at the level of the individual subjects ( ) was less than 10% (3.9%) and the coefficient for total set of subjects (H T ) was 0.66, with a minimum requirement of 0.30. 22 The task with the lowest item H value was dressing the lower body (0.70), indicating that this item has the least in common with the other items or the construct of mobility.
To confirm that Mob-T items were not biased toward common or relevant subgroups of the population, additional rounds of Mokken scaling were performed according to sex, nationality, and time. The hierarchy was maintained according to sex and nationality. For The results of the across time Mokken analysis is presented in Table 2 . Again, as with sex and nationality, the IIO was maintained. For Time 2 (age 80), reliability was slightly lower, at 0.88, with a set H value of 0.75, of 7.0%, and H T of 0.59. As seen from Table 2 , there were modest changes in means over time, although there was a shift in the H i coefficients, with the highest value shifts from stairs (H = 0.88) at age 75 to washing lower body (H = 0.78). The coefficient values for age 75 in Figure 1 differ from age 75 in Table 2 because of changes in the sample. The sample in Table 2 is smaller because of missing values and the exclusion of 230 subjects who died before testing at age 80.
Associations with Disability and Mortality
After the inclusion of covariates, the results of multinomial logistic regression indicated the following; with each additional fatigue symptom endorsed at baseline subjects were 24% more likely than subjects alive at age 84 (n = 299, 45%) to die from age 75 to 80 (odds ratio (OR) = 1.24, 95% confidence interval (CI) = 1.09-1.39, P = .001), 29% more likely to be disabled at age 80 (OR = 1.29, 95% CI = 1.14-1.40, P < .001), and 19% more likely to die from age 81 to 84 (OR 1.19, 95% CI = 1.04-1.37, P = .01). Examining the predictive power of the sum score for the original Mob-T Scale (transferring from chair or bed, walking outdoors in poor weather not replaced by washing and dressing lower body) revealed only modest reductions of effect size for the categories of death from aged 75 to 80 and disability at age 80-maximum of 3% points. The original Mob-T Scale appears to have less sensitivity for risk of death beyond age 80 (6-8 years after baseline), with the effect size being reduced from an OR of 1.19 to 1.14 (P = .048).
DISCUSSION
To the best of the knowledge of the authors, this is the first study to establish a formal hierarchy of fatigue in a population of healthy older adults. Mokken Scaling-based transformations allow for items to be ranked unequivocally based on item intensity, ranking items from easiest to most difficult. 26 Establishing item intensity at age 75 enabled the individual's "distance" from a high-risk zone to be gauged. A fatigue scale revised in this manner more closely resembles an instrument of fatigability, with each step on the hierarchy of tasks requiring greater intensity. The phenotype of fatigability was proposed to refine fatigue assessment by characterizing the relationship between self-reported fatigue and the level of activity with which the fatigue is associated. 1 The walking outdoors in poor weather item violated the assumption of local independence, indicating that, for each subgroup of subjects with the same latent trait value (level of fatigue), all covariance between item scores is not zero. 27 Also, the transferring from a bed or chair item had high Crit values. These findings are consistent with a previous validation study (using Rasch analysis) conducted on the Mob-T that found item bias according to nationality 28 and violation of local independence. 8 It is likely that interviewer error caused some of the observed item bias; the Glostrupand Jyväskylä interviewers differed in educational and clinical backgrounds, and training programs may not have been sufficiently standardized. 29 Finally, the transferring from a bed or chair item may have introduced measurement error because of the twofold nature of the question. The poorly fitting items were replaced with the washing lower body and dressing lower body tasks. These two tasks would appear to have poor face validity with regard to mobility and may be linked more closely with trunk impairment or balance problems, but previous findings have shown that mobility performance in healthy older adults is significantly associated with isometric trunk extension strength 30 or endurance in trunk extension. 31 Furthermore, in older adults, it has been observed that mobility-related fatigue is associated with maximum walking speed, with body extension strength identified as an underlying factor to explain the association. 9 In addition to establishing item difficulty at baseline, this study confirmed that the item hierarchy was maintained across time (aged 75-80), allowing for change in fatigue to be assessed more accurately. Thus, change in person performance has to do with the individual's ability and less to do with an error in measurement. By scrutinizing the Mob-T Scale using item response theory methodology, some of the criticisms concerning the validity of self-report measures were addressed, as well as their effectiveness in evaluating change over time.
Using a revised Mob-T Scale, its predictive value for functional limitation and disability, as well as mortality, was demonstrated. It was possible to show, excluding subjects with baseline disability, that with every additional symptom endorsed, the odds of death from age 75 to 80 increased 24%, the odds of disability 29%, and the odds of death 6 to 8 years after baseline 19%. These findings were robust, with P ≤ .01. The results include adjustments for disease, cognitive ability, sex, depressive symptoms, income, muscle strength, smoking status, living alone, and BMI.
It is likely that the variables frequently used to assess exhaustion in older adults ("I felt that everything I did was an effort and I could not get going") may have been chosen in part because of their availability, yet they have come to represent a criterion standard of sorts for defining exhaustion, principally in relation to the frailty syndrome, but the face validity of such variables has been recently called into question. 32 The current manuscript proposes that mobility-related fatigue may be a more-apt indicator of exhaustion in older adults, particularly when the scale can be shown to operate along a continuum. It may be that reports of mobility fatigue present with stronger face validity for exhaustion and convergent validity for aerobic capacity than reports relating to, for example, "getting going." The fact that aerobic capacity is often measured using a treadmill further reinforces this point. Future directions for the use of the Mob-T Scale should include direct comparison with aerobic capacity measures, such as maximum oxygen uptake.
Further research is needed to determine how the scale will function in a U.S. sample. The weakest part of the scale occurs at the interval between walking indoors and getting outside. That is, if the hierarchy is to fail, it will most likely be with a reversal of these two items, although the current scaling properties are well beyond the minimum requirements of Mokken scaling.
In conclusion, fatigue is a symptom that older persons, especially those with chronic diseases, frequently experience. Fatigue is also one of five markers used to define the frailty syndrome. In this project, item response theory was used to establish a formal hierarchy of fatigue for six mobility-related tasks. This revised measure was free of differential item functioning across sex, nationality, and time, with time allowing for more-precise change scores. Reporting item intensity (n = 690). H coefficients in the scale represent item discriminatory power. The arrow along the scale reflects the hierarchical nature of the scale. 
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